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Abstract

Understanding the reduction of MoOz is important for the utilization of this material in
optoelectronic applications. Here, we examine the changes that take place during reduction of
a solution-processed thin film of MoOs. Upon reduction in dilute hydrogen gas, the
nanocrystallite grain morphology is observed hosting a sequence of shear defects, nucleation
and growth of reduced molybdenum oxide phases within the MoOz matrix before
decomposition of the film. The compositional changes are tracked and compared with
changing optical properties. The formation of extended defects is associated with enhanced
photoluminescence. The progression of reduction in the films is highly related to reduction of

powders and should be considered when designing devices utilizing MoOz..
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1 Introduction

Molybdenum trioxide, MoQOg, is a wide band gap semiconductor with applications in
optoelectronics such as organic light emitting diodes (OLEDs), photovoltaics and
photodetectors, as a multichromic material in smart windows and displays, as a catalyst and
in emerging energy storage technologies [1-9]. Common to all these applications is the
importance of its electronic structure, which is heavily dependent on the oxygen
stoichiometry [10,11]. MoOs is often utilized in an oxygen deficient form, either being
reduced in use as a catalyst, or being used as MoOz.x in optoelectronic devices with oxygen
vacancies vital to operation [12-15]. Alternatively, certain applications of MoO3 require strict
oxygen stoichiometry with oxygen vacancies being detrimental to performance, for example
in OLEDs [5,16,17]. The range of stoichiometries at which MoOs.x s utilized spans from x =
0 to x =1 [12,14]. This range includes extended defect states such as shear structures and
other phases such as M04O11 and MoO> which may be present alongside MoOs. There is a
complex sequence of reduction which has mainly been studied in single crystals and powders
[10,18-22]. Decades of research have uncovered seemingly incompatible observations and
the exact reactions taking place remain controversial. This is partly because the reaction
Kinetics are extremely dependent on experimental conditions [21,23-28]. However, M0oOsz.x is
often utilized as a thin film, especially in electronic devices, and such films will have even
greater sensitivity to Kinetics due to high surface areas and associated strains [29-33]. The
mechanisms of reduction in thin films may therefore vary greatly from powders to films, and

a better knowledge of film reduction is required for optimal device fabrication.

The thermodynamically stable polymorph of molybdenum oxide is a-MoOs3, a layered
structure with space group Pbnm, shown in Figure 1. The structure is characterized by layers
of octahedra bound by dispersed forces, with interlayer spaces known as the van der Waals

gap. There are oxygen ions on three inequivalent sites at octahedral apices (O1), corner-



sharing (O2) and edge-sharing (O3) positions. Oxygen is readily removed from the structure
and it is thought that the apical O1 oxygen is the most easily removed. This is intuitive based
on its orientation towards the van der Waals gap and is supported by computation of defect

formation energies [34].

The range of x for which vacancies are present as isolated point defects is very small, only up
to x = 0.001 [18]. Beyond this, a complex sequence of extended defect structures occurs,
which have been studied extensively by transmission electron microscopy of single crystals
[10,18,20,35-37]. The defect structures progress through several phases based on shear of the
MoOs3 lattice, such as M01gOs> [35]. Movement of the crystallographic shear planes has been
linked to the formation of MoO- nuclei. In powders, there has been much contention in the
reactions occurring in the reduction of MoOs to MoO.. There has been one proposed
mechanism that accounts for all the observed phenomena reported, in which the autocatalytic
topotactic transformation MoO3 — MoO:- takes place simultaneous to the comproportionation
of MoO3 + M0oO2 — Mo04011 [21]. A mixture of these phases, plus shear structures based on
both MoO3 and MoO: type lattices, can be present during the reduction. On the reduction of
films, many studies have found synthesis variables for specific device properties which are
often an effect of stoichiometry changes. Variables affecting stoichiometry in the production
of MoOz. films include the ambient and substrate conditions in physical depositions and
decomposition of precursors in solution processing [6,7,29,30,38-43]. Post-annealing has
been the subject of several studies [6,7,30,40-42]. These have associated changes in optical
and electrical properties with vacancy concentration, after treatment in oxidizing or reducing

environments, or under ultraviolet light.

The possible configurations of Mo ions in various oxides are appealing for emerging
technologies where tuning of electronic structure is needed. For example, MoOz.x has been

proposed as an intermediate band photovoltaic material, for which a precise control of gap



states is required [44,45]. For this, as well as for optimisation in current applications, insight
into the mechanism of film reduction is required. To this end, changes in morphology,

crystallinity, chemical state and optical properties are explored during reduction of solution-
processed MoOz films in hydrogen atmosphere. The progression of reduction is compared to

that observed in powders.

2 Experimental Details

2.1 Synthesis route and reduction

Ammonium heptamolybdate tetrahydrate ((NH4)sM07024-4H-0, referred to as AHM, 99.98%
trace metals basis, Sigma-Aldrich) was used as a precursor. To obtain crystalline MoO3
powders, AHM was ground in a mortar and heated to 500 °C in air at a heating rate of 100
°C/h and held for 3 h. The MoO3z powder was ball milled for 24 h with 5 mm YSZ balls in
ethanol absolute and then dried at 80 °C. Powders were reduced in 5 % H2/95 % Ar for up to

18 h at temperatures from 400 °C to 500 °C.

All solution and film preparation was done in an 1SO7 cleanroom (NTNU NanoLab).
Solutions for spin coating films were made by dissolving AHM in deionized water to make a
0.5 mol[Mo]L? solution and adjusting the pH to 8-10 with 25 % ammonia solution (Merck
Millipore) to prevent MoOs precipitating. Solutions were stirred on a hotplate at 50 °C for 30
min and then sonicated for 10 s to degas. Quartz substrates (Spectrosil® synthetic fused
silica, 1 mm thickness, UQG Optics) were prepared by cleaning in ethanol followed by
oxygen plasma cleaning for 5 min to activate the surface (Diener Electronic, FEMTO Plasma
Cleaner). Solutions were applied to the substrates through a syringe with a 0.2 um filter
(Acrodisc, Pall) and spin coated at 2500 rpm for 1 minute (Laurell WS-400B-6NPP-Lite
Spinner). Heat treatment of the films was done in a rapid thermal process furnace (RTP,

Jipelec JetFirst 200 Processor) at a heating rate of 6 K/s to 200-500 °C, holding for 10



minutes in an oxygen atmosphere flowing at 200 sccm. For precise control of the reduction
degree, a rapid thermal process was also used for reduction of the films. This was done in 5

% H2/95 % Ar flowing at 1000 sccm, held at various temperatures for 30 minutes.

2.2 Labels of the samples

Sample names of powders are composed of a P and the temperature for reduction in 5 %
hydrogen, held for 18 hours (P-0 is not reduced; P-400 and P-500). Labels of the films
include an F and the temperature at which the films were reduced in the RTP process in 5 %

H> for 30 minutes (F-0 is not reduced; F-200, F-300, F-350, F-400, F-450 and F-500).

2.3 Characterization

Thermogravimetric analysis (TGA, Netzsch, STA 449 C) of AHM in transformation to MoO3
was performed by heating powders up to 600 °C in synthetic air with a flow rate of 30 sccm
and a heating rate of 10 K/min. For TGA of MoOs powders during reduction, the samples
were initially heated to 400 °C for 10 minutes to remove adsorbed water and CO>, followed
by heating from room temperature to 400 °C and 500 °C at a heating rate of 10 K/min and
holding at each temperature for 18 h in 2 % H2/98 % Ar flowing at 30 sccm. The lower H:
percentage was used to protect the apparatus, and provides a less reducing atmosphere than
the higher Ha percentage used for the powder and film samples. X-ray diffraction (XRD) was
done to determine the phase composition of the powders and films. A Bruker D8 Advance
DaVinci X-ray Diffractometer with LynxEye™ SuperSpeed Detector was used for powder
analysis and a Bruker AXS D8 Focus with Solid state LynxEye™ detector was used for film
analysis. CuKa radiation source was used in Bragg-Bretano geometry (0.01° step size, 1.5 s
step time and 10° to 60° 20). Scanning electron microscopy (FEG-SEM, Zeiss Ultra 55
Limited Edition) was performed to determine the morphology of the powders and films, for

which films were coated with a thin layer of carbon to prevent charging. Film surfaces were



investigated at by atomic force microscopy (AFM, Veeco Multimode V, Nanoscope
software) with Peak Force Tapping™ in ScanAsyst mode. Film thickness was measured by
profilometry (Veeco Dektak 150), after etching a step to the substrate with 0.05 M NaOH
solution. Samples F-450 and F-500 had too high a roughness to have thickness measured by

this method.

X-ray photoelectron spectroscopy (XPS) was used to analyze the change in chemical
composition of the powders and films after reduction. XPS was obtained with a Kratos Axis
Ultra spectrometer using a monochromatic Al Ka X-ray source (hv = 1486.6 eV, 15 mA, 15
kV, pass energy 20 eV, energy resolution 150 meV). The analysis area was 300 pm - 700 pm
for all samples, and the spectra were collected with a photoelectron take-off angle of 90
degrees. Samples were isolated from the stage to avoid partial charging, and the Kratos
charge neutralizer system was used. The binding energies (Eb) were corrected by Eb equal to
284.8 eV of adventitious C1s. Background modeling and subtraction, peak fitting and
quantification of the components were processed using CasaXPS software (version 2.3.16).
Prior to peak fitting, an offset Shirley background was subtracted from the spectrum. The
offset Shirley background was calculated from a blend of a Shirley and linear backgrounds
OS(E:L) = S(E)(1-A) + L(E)A where the Shirley and the linear background are represented by
A =0, and A =1, respectively. In the curve fitting models, A = 0.3 was used for all the
components. For Mo 3d and Mo 3p peaks a LF(a, B, w, m) line shape was used, which is a
Lorentzian line shape available in CasaXPS which includes consideration of the Gaussian
instrumental broadening. All Mo 3p peaks were symmetrical, whilst Mo 3d peaks had a
slightly asymmetric line shape. Relative content of Mo oxidation states were derived from the

ratio of peak areas of the deconvoluted Mo 3d curves.

A UV/Vis/NIR spectrophotometer (OLIS 14) was used to measure the transmittance of the

films over the range 250 — 2100 nm. Low-temperature (10 K) photoluminescence



measurements were performed on the films using a high-sensitivity imaging

spectrometer, JobinYvonHoriba iHR320, coupled with an electron multiplying charge-
coupled device in imaging geometry. Excitation source was the 325 nm line of a cw He-Cd
laser at 6 mW. The spectra were corrected for system sensitivity changes with wavelength by
multiplying to the response function of the system. The raw data is presented alongside the

corrected data.

3 Results and Discussion

3.1 Powders

Thermogravimetrical analysis of the two synthesis steps, decomposing AHM to MoOs, and
reducing MoOs to MoOz.y, are presented in Figure 2. In the thermal decomposition of AHM
powder in air, Figure 2a, the mass loss onset at 100 °C corresponds to loss of water from the
complex, and the two steps at 93 % and 89 % of the starting mass are likely compounds of
the form (NH4).0-xMoOs3 [46]. The temperature ranges of these processes are 100 — 140 °C
and 195 — 240 °C, respectively. The third transformation begins at 290 °C and the end
composition is reached at 400 °C, at 81.7 % of the starting mass. This is confirmed to be a-
MoO3z by XRD (P-0 in Figure 3). Isothermal annealing in 2 % H2/98 % Ar at 400 °C, 450 °C
and 500 °C results in approximately linear mass loss (Figure 2b). The rate of mass loss is
highly dependent on the annealing temperature. For calculating stoichiometry, we can assume
a starting composition of M0O2.gg based on XPS analysis of the starting powder (Table 1).
However, this is likely an overestimate of oxygen deficiency due to surface reduction of the
powder and the surface sensitivity of XPS measurement. Attributing mass losses to oxygen
only, at 400 °C the mass loss corresponds to a stoichiometry of MoO2 g6 after 18 h, compared

to M0oO2.9 at 450 °C and M00O2.72 at 500 °C. These end compositions are not equivalent to



the following powder samples because of the less reducing atmosphere used in the

thermogravimetric measurement.

Sample P-0 is orthorhombic MoOs, as shown in the X-ray powder diffractograms in Figure
3a. For P-400, after holding for 18 h at 400 °C in 5 % H2/95 % Ar, MoOs remains as the main
phase and MoO: reflections appear. MoO: is confirmed to be the first detectable secondary
phase to form with a series of reductions at 400 °C held for shorter times (Figure 3b). For P-
500, after a 500 °C treatment for 18 hours there are no MoOs reflections remaining, while

both MoO2 and Mo4Ou1 are present in the powder.

There is a change in the powder morphology with annealing, displayed in the SEM images in
Figure 4. The P-0 powders are platelets ranging from 100 - 700 nm in diameter, with 100 -
150 nm thickness. Facets are present on the surface of the platelets. In sample P-400 there are
large agglomerates, over 1 um wide, that appear to be made up of the smaller platelets. In the
P-500 sample there are two distinct types of particles present; large crystallites from 2 to 4
pm wide with well-defined facets, and smaller particles less than 500 nm diameter and

irregularly shaped.

The observations here show MoO- to nucleate on MoO:s first, at 400 °C, at the same stage of
reduction as agglomeration of MoO3 platelets takes place. Following this, at 500 °C, the
mixture of MoOz and Mo40O11 phases identified by XRD is reflected by the two distinct
particle morphologies. The morphology of the large crystals indicates them to be M04O13, in
comparison with powders observed by Schulmeyer et al. [22] Based on the similarity in sizes,

the transformation to large crystallites likely occurs from the agglomerates.

XPS spectra for the powder samples are shown in Figure 5 and analysis of Mo oxidation state
from Mo 3d peaks is given in Table 1. Deconvolution of the Mo 3d spectra for sample P-0

revealed that molybdenum is mainly Mo®* (94.7 %) with a small amount of Mo®* (5.3 %). A



similar amount of Mo®* remained even after annealing in air at 400 °C, and as the samples
were exposed to atmosphere before XPS analysis this Mo®* can be attributed to surface
reduction [47]. This is also seen in the filling of the Mo 4d states in the valence band region,

from0.4t02.1eV.

Sample P-400 demonstrates an increased amount of Mo®* compared to P-0 (12.9 %), in
addition to the presence of 2.1 % Mo*". The true content of Mo** is likely to be higher than
this due to atmospheric oxidation of the surface. This is in keeping with the XRD results that
P-400 is mainly MoOs with a small amount of MoOz. As no other crystalline phases were
detected by XRD, the Mo®" content can be attributed to oxygen vacancies in the MoOs
lattice. The P-500 sample contains a much higher amount of Mo** (48.7 %), which reveals
that almost half of the sample is converted to MoO,. The remainder is Mo®* and Mo®* in
close to equal proportions, which corresponds to the distribution of oxidation states in
Mo4O11. This is in agreement with the XRD analysis and the two-phase mixture of particles
seen in SEM. There is also a high intensity in the binding energy between Mo®* and Mo**.
This is accounted for by considering four peaks related to the Mo** oxidation state, that is the
screened and unscreened peaks in the model of Scanlon et al. [48]. To calculate the Mo**

content, the total area of the screened and unscreened peaks have been used.

In addition, from deconvolution of the O 1s high resolution spectra, of which the main peak is
attributed to the oxygen bonded to molybdenum, a shift to lower binding energy is observed
for P-500 compared to P-0 and P-400 (Figure 5c). This can be attributed to the large amount
of MoO- present. The structure of the valence band also changes with reduction. The valence
band is largely made up of O 2p states and the conduction band of metal 4d states.
Stoichiometric MoO3 would have unoccupied 4d states as Mo®* has 4d° configuration,
whereas oxygen deficiency populates these states, which appear as a peak at 1-2 eV [10].

Sample P-400 shows greater filling of the Mo 4d states compared to P-0, related to the

10



presence of Mo®" in the form of lattice defects. Both P-0 and P-400 exhibit a structure in the
O 2p states, due to the asymmetry of Mo—O bonding in the crystal structure of MoOs. There
are peaks at 7 and 9 eV as a result of the Mo 4d contribution to the valence band [11,48].

With P-500, this feature of the O 2p states is lost but two distinct peaks emerge in the Mo 4d

states, which is attributed to Mo—Mo bonding in the distorted rutile structure of MoO> [48].

The sequence of reduction in the powders is concurrent with the mechanism proposed by
Lalik et al. in which MoO: nucleates by a topotactic mechanism from the removal of oxygen
from MoOg, followed by further reduction of MoO3 to MoO> alongside re-oxidation of MoO-
to Mo4O11 in a comproportionation reaction, utilizing the oxygen released from the MoO3
lattice [21]. The P-500 sample corresponds to a point after the MoO3 has been consumed,
when there is no oxygen available for further oxidation, and the Mo4O11 phase is being
reduced to MoOs. It is also noted that the temperature during reduction of MoO3 can affect
the mechanism of reduction, and a consecutive reaction mechanism is also a possible

explanation for these results [49].

3.2 Films

After deposition, the AHM films required annealing in air at 400 °C for 10 minutes to appear
crystalline by XRD. XRD diffractograms of the non-reduced and reduced samples are shown
in Figure 6. In all scans there is an amorphous background present from the quartz substrate.
Reflections due to MoOs are seen for samples F-0, F-200, F-300, F-350, F-400 and F-450.
The highest intensity reflections are indexed to the (020), (040) and (060) hkl planes,
indicating film or crystallite orientation along the {020} planes. The intensity of the
reflections is reduced in F-400 and drastically reduced in F-450. This demonstrates a decrease
in the amount of MoO3 phase present in the films. Sample F-450 has additional faint

reflections at the positions of the main diffraction lines of Mo4O11, indicating the onset of

11



formation of this phase at 450 °C. In F-500, however, only faint MoOs reflections remain and

a broad reflection appears at 41°, which matches to Mo metal.

The XPS spectra of the Mo 3d and 3p peaks of the reduced films with deconvolution to
different oxidation states are displayed in Figure 7. Table 2 shows the analysis of the
oxidation states by deconvolution of Mo 3d and 3p peaks. Mo 3d is reliable for all films
except F-500 for which Mo 3p is referred to. Films F-200 and F-300 are mainly Mo®* with a
similar Mo®* content to each other and no Mo** present. The proportion of Mo®" is similar to
the surface reduction of the unreduced powder sample, P-0. In addition, the valence band
region shows only low levels of Mo 4d. This suggests that up to 300 °C hydrogen treatment
does not considerably increase the amount of oxygen vacancies in the films, nor does it cause
MoO: to form. Increasing the reduction temperature to 400 °C, the film remains mainly Mo®*
but there is an increase in the Mo>* content to 9.4%. There is also an increase in the filled Mo
4d states at the valence band and a loss of definition in the O 2p valence band features. There
is no Mo** which shows that MoO; is absent. The Mo>* content could be point defects,
extended defects, amorphous phases or undetected reduced molybdenum oxide phases. Due
to the similarity of the F-300 and F-400 films, XPS analysis of the F-350 film is omitted. The
F-450 film is still mainly Mo®" with 15.1% Mo®* and 3.6% Mo**. The Mo®" and Mo®* are
likely to be partially in Mo4O11 phase, as seen in XRD. The presence of Mo** and the
emergence of split Mo 4d peaks in the valence band region suggest that there is MoO: in the
film. It is likely that this small amount of MoO: is below the detection limit of XRD. The F-
500 film is mainly metallic Mo®. The remainder consists of Mo**, Mo®* and Mo®*, which can
be partially due to oxidation of the metallic surface, and may also exist in remaining oxide

phases which are only faintly detected by XRD.

The SEM micrograph of an unreduced MoO:s film in Figure 8 shows that the film is flat and

continuous, with no particles or pinholes on the surface. This is representative of a large area
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of the film. It consists of grains of a few microns in diameter, with a series of parallel lines

within some of the grains.

The root mean square (RMS) roughness (Rq) is 1.53 nm, as measured by AFM over a 10 um
x 10 um area. AFM further reveals the films to have a polycrystalline grain structure, shown
in Figure 9a, with grains composed of oriented nanocrystallites. The grain can be defined as a
region of oriented nanocrystallites, and the grain boundary is where the nanocrystallites of
different orientations intercept. The nanocrystallites are platelet-like, greater than 100 nm in
length and less than 10 nm thick. The unreduced F-0 film has two types of linear features
indicated by arrows (i) and (ii). The lines at (i) are parallel to the alignment of the
nanocrystallite platelets; they span the grain and are spaced a few hundred nanometres apart,
and outline a stepped topography within the grain. The lines at (ii), however, are
perpendicular to the nanocrystallite orientation and actually cut through the material. These
could be misfit defects or cracks that may occur on cooling. The thickness of the unreduced
film was measured as 60 nm + 5nm, and there was negligible change in thickness of the
reduced films (Table 3). Upon reduction, there are several changes seen in the films by AFM.
Firstly, there is an increasing RMS roughness with reduction temperature, as shown in Table
3. Rqg remains low, below 2 nm, up to 400°C, and then there is a factor of 10 increase for F-
450. There are no other differences visible by AFM between the F-0, F-200, F-300 and F-350
films. Figure 9 shows the similarity between films F-0 and F-350 and the differences
developed in F-400 and F-450. There are several developments within the F-400 film. The
arrow at (iii) shows a 175 x 450 nm region of oriented growth at a triple point grain
boundary, likely to be crystal nucleation. At point (iv), faint lines appear intersecting the
nanocrystallite alignment at an angle of approximately 30°. In studies of oxygen vacancies in
single crystals of MoOs, it was found that vacancies were accommodated by shear on

crystallographic shear planes indexed to (120) and (120) [18]. The angle at which the shear
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planes meets the (010) plane, that is, the layers within the MoOs crystal (Figure 1), is 26.6°.
That this angle coincides with the direction of the faint lines in the films is evidence for a
similar shear mechanism happening across the nanocrystallites. Furthermore, the arrows at
(v) and (vi) indicate growth within the grains along lines at a similar angle. This growth is
seen across the entirety of the film, consistently at this angle to the nanocrystallite direction.
Thus, it is proposed that shear planes across the grain accommodate oxygen vacancies as the
film is strained during reduction, and these shear planes act as nucleation sites for a reduced
phase of molybdenum oxide. The shear planes may exist in an intermediate phase such as
Mo1sOs2, which cannot be distinguished by XRD [8,26]. Upon further reduction, the F-450
film exhibits further growth of a new phase, both within the original grains structure and as
developed larger crystals of the order of 1 um. The highly faceted character of this phase has
similarities with the reduced phase in the powders that was proposed to be M04O11. In
addition, as this coincides with the appearance of Mo4O1: reflections in the X-ray diffraction

patterns, it is a reasonable assumption that these features are M04O13.

Transmission spectra of the films in the reduction series are illustrated in Figure 10a. The
unreduced film F-0 has transmittance greater than 70 % in the visible region. The
transmittance decreases upon reduction, up to 34 % for the film F-500. There is an absorption
tail present near 280 nm for all films. The absorption edge is shifted to longer wavelengths
with increasing treatment temperature. The decrease in transmittance with increased
reduction temperature may not be entirely due to increased reduction degree, as there may be
effects of film thickness present. Optical constants cannot be extracted due to the small film
thickness. Instead, the optical band gap can be discussed as a measure of absorption

independently of film thickness.

The optical band gap of the films, Eg, is estimated by a Tauc plot, utilizing the relation,
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(ohv)" = A(hv-Eg)

where a is the absorption coefficient, h is the Planck constant, v is the frequency of light and
A is the band edge parameter. The exponent n is set as 2 for allowed direct transitions, which
gave a linear relation [50]. a is defined by transmittance T = e* where z is the optical path
length which is taken as the film thickness (60 nm). The Tauc plot of (a/v)? versus photon
energy (hv) is shown in Figure 10b. Eg of the films was evaluated by fitting the linear region
of the plot to zero and are listed in Table 3. The error accounts for the choice of linear region
within the curve._ The band gap generally decreases with increasing reduction temperature,
from 2.7 eV for F-0 to 1.0 eV for F-500. F-200, F-300 and F-350 have a similarly high Egq
compared to those films reduced at higher temperatures. Decrease of Eg is due to the
formation of defects or reduced phases which form states within the band gap. This is known
to occur with oxygen vacancies in MoOs [30,40,42]. The high Eq maintained up to F-350 can
be associated with structural rearrangements in the lattice which reduces the number of point
defects even with increased reduction. This is further discussed in combination with the

photoluminescence data below.

Figure 10 also displays the photoluminescence spectra of the films F-0 to F-400. The raw and
instrument spectral response corrected data are shown in (c) and (d), respectively. For all
films, there is one broad band seen in the raw data, centred at 464 nm, with several small
peaks distinguishable. After spectral correction, a broad band is visible at 375-400 nm, the
peak of which is at 388 nm. This band corresponds to near band emission (NBE) due to free-
exciton recombination [51]. The band centred at 464 nm is attributed to deep level emission
(DLE), which is related to lattice imperfections such as vacancies or extended defects [51].
The intensity of the DLE can also be contributed to by band-to-band absorption that results in
emission at higher wavelengths than the NBE due to thermalization. The spectra exhibit weak
peaks 445 nm, 464 nm, 475 nm and 514 nm. These represent intraband radiative

15



recombination, for instance from various Mo®* d-d transitions [51-54]. The broad DLE band
suggests that a continuum exists rather than discrete states in the band gap. These features are
typical for MoOs nanostructures, as demonstrated in several studies [51,55-57]. The films
differ in intensity of PL response and in the ratio of the intensity of the NBE and DLE bands.
All films that have undergone a reduction treatment show stronger PL than the not-treated
film. There are several factors that can contribute to increased PL, including an increase in
radiative recombination centres, decrease in non-radiative recombination centres, and
increase in surface roughness or porosity. As all reduced films have a higher surface
roughness than the non-reduced film F-0, as measured by AFM, this will result in stronger
absorption and a corresponding stronger PL response. The change in the intensity ratio
NBE/DLE can rather be due to a change in the number of radiative and non-radiative
recombination centres. It is interesting that there are differences between the films F-0, F-
200, F-300 and F-350 despite the similarities in XRD, XPS and morphology. The ratio of
NBE/DLE intensity is greatest for the F-200 sample. This can be associated with improved
crystallinity and a lower concentration of radiative centres. F-350 exhibits the highest PL
intensity and the lowest ratio of NBE/DLE and this can be due to a large number of point
defects acting as radiative recombination centres. However, this is contrary to the high
transmission and optical band gap of F-350, which do not suggest an increase in point
defects. Instead, there may be lattice rearrangement from disordered oxygen vacancies to
ordered defect structures such as shear planes. Formation of shear planes can annihilate the
disordered oxygen vacancies associated with lower transmittance whilst providing sites for
radiative recombination. F-400 shows a reduced intensity compared to F-350, which
coincides with the appearance of nucleation in AFM. The lattice rearrangement involved in

nucleation acts to eliminate vacancies from the structure and so can reduce the radiative
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recombination centres. In addition, the new interfaces introduced will increase non-radiative

recombination, and the MosO11 phase itself is metallic.

In comparison of phase composition between the powders and films, the difference in the
extent of reduction can be accounted for by the faster kinetics allowed by the large surface
area of the film. This enables reduction to Mo metal in the film at 500 °C, whereas this is not
seen in the powder sample. Conversely, MoO: content of the reduced films is low compared
to the powders. This could be due to the analysis techniques, and there may be a larger
amount of MoO in the films than is detected. The low resolution of the grazing-incidence-
XRD may not reveal small amounts of MoO: in the films, and atmospheric oxidation of

MoO:> can limit the detection by XPS, due to the surface sensitivity of the technique.

The mechanisms of reduction may also vary from powder to film. It is interesting that the
first phase observed forming upon reduction of powders is MoO., yet we cannot conclude if
this is also the case for MoOs films. M04Oa1: is the first phase to be detected by XRD at the
same point as MoO: is suggested by XPS. There is a possibility that MoO: is formed in the
films prior to M04O11 and that it is rapidly consumed in a further reaction. There is evidence
for the formation of shear planes as seen by the structures in AFM at 400 °C, and it is likely
that there is rearrangement of point defects at 350 °C, as shown by the high band gap and
enhanced photoluminescence. Shear planes or extended defects in the films means that there
would be a region of collapsed lattice necessarily in the structure bounded by the shear plane.
This may take part in the nucleation of M04Ox11, in @ mechanism similar to that proposed by
Lalik et al. for MoO3 powders, in which MoO: nucleates on the MoOs layers, and electron
transfer from MoO> to MoOs allows the release of oxygen into the gas phase. Via transport of
gaseous oxygen along the layers, the MoO> nuclei are re-oxidized to M04O11 [21]. In the
films here, the gas phase transport of oxygen would be easily accommodated by the layered

microstructure. Movement along the layers would mean that before escaping, oxygen would
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first encounter the collapsed structure at the shear plane in which Mo ions are available for

oxidation and be recaptured.

4 Conclusions

MoO3 powders and films have been synthesized from a simple aqueous solution route and the
evolution of phase growth during reduction in hydrogen has been observed. There was
increased roughness and loss of oxygen from the films before any new phases were detected
by XRD. This contributes to an enhanced photoluminescence and decrease in the optical band
gap. At higher temperatures the onset of MoO> formation is concurrent with M04O11
nucleation. Extended planar defects within the films act as nucleation sites for M04O11. In any
application utilizing MoOz.« films, the morphological effect of reduction should be
considered, as changes may result in degradation of properties or unstable devices. It has
been shown here that increasing reduction of MoOs films causes restructuring of the films in
order to accommodate oxygen vacancies. The resulting structures and phases mean that the
optical band gap may not be as reduced as otherwise expected, and correspondingly optical

properties such as photoluminescence may not give a linear response to increased reduction.
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Figure 1. Crystal structure of MoO3z showing the three inequivalent oxygen positions (O1,

02 and O3) and the van der Waals (VdW) gap.
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Figure 2. Thermogravimetric analysis a) Mass loss during decomposition of ammonium

heptamolybdate in heating to 600 °C in synthetic air. b) Mass loss of MoOs during reduction

in 2 % H2/98 % Ar atmosphere, holding at 400 °C, 450 °C and 500 °C for 18 h, with

estimates of the end stoichiometry displayed.
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Figure 3. X-ray diffractograms a) MoOz powders without annealing (P-0) and annealed in 5
% Ha/Ar for 18 h at 400 °C (P-400) and 500 °C (P-500). b) MoOs powders before and after

annealing in 5 % H2/95 % Ar at 400 °C, for various annealing times.
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Figure 4. Scanning electron micrographs of MoOs powder, a) P-0, and reduced powders, b)

P-400, and c¢) P-500.

30



—_
L

Intensity (a.u.)

240 ' 235 ' 230
Binding energy (eV)

(b)

2

o

> | P-400

‘D

c

L

£

P-0
L 1 N I v )
10 5 0

© |

S

£z

=

‘0

[

3]

9|

£

536 534 532 530 528

Binding energy (eV)

Figure 5. XPS spectra of the powders P-0, P-400 and P-500. a) Mo 3d peaks with peak
fitting. b) The valence band region. c) O 1s peaks. The binding energy of the O-Mo

component for P-0, P-400, and P-500 is at 530.84, 530.89, and 530.37 eV, respectively.
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Figure 6. X-ray diffractograms of an unreduced MoO3 film, F-0, and reduced films, F-200 to

F-500.
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Figure 7. XPS spectra of MoO3 films after hydrogen reduction treatment. a) Mo 3d peaks. b)

Mo 3p peaks. ¢) Valence band region.
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Figure 8. Scanning electron micrograph showing homogeneity and grain structure of a MoO3

film.
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Figure 9. AFM imags of molybdenum oxide films. a) MoOs film sample F-0, (i) arrow
indicating nanocrystallite steps. (ii) arrows indicating misfit defects. Samples after reduction
at various temperatures, b) F-350; ¢) F-400, with arrows at (iii) indicating a nucleation site,

(iv) shear structures and (v-vi) phase nucleation along shear steps; d) F-450.
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Figure 10. Optical measurements of the reduced films. a) Transmittance spectra, b) Tauc
plot, ¢) photoluminescence spectra, d) photoluminescence spectra corrected for instrument

spectral response.
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Table 1. Spectral fitting of Mo 3d peaks: Mo 3ds/, binding energy (eV), FWHM value (eV),

and the relative content of 4+, 5+ and 6+ oxidation states of Mo (%).

Mo* Mo®* Mo®*
Sample BE (eV), BE (eV), BE (eV),
name FWHM FWHM FWHM
(eV) (eV) (eV)
Content Content Content
(%) (%) (%)
231.67 232.99
P-0 0.87 0.87
53% 94.7 %
229.47 231.75 233.07
P-400 0.47 1.19 0.86
21 % 12.9% 85.0 %
229.52 232.09 233.14
P-500 0.52 1.4 1.4
48.7 % 26.4 % 24.9 %
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Table 2. Spectral fitting of XPS Mo 3d and Mo 3p peaks of MoO3 films: Mo 3ds2 and Mo

3p3i2 binding energy (eV), FWHM value (eV), and the relative content of 0, 4+, 5+ and 6+

oxidation states of Mo (%).

Mo 3ds/2 Mo 3pss2
Mo** Mo®°* Mo®* Mo® Mo** Mo®* Mo®*
Sample BE (eV), BE(eV), BE(eV), BE(eV), BE(eV), BE(eV), BE(eV),
name FWHM FWHM FWHM FWHM FWHM FWHM FWHM
(eV) (eV) (eV) (eV) (eV) (eV) (eV)
Content Content Content Content Content Content  Content
(%) (%) (%) (%) (%) (%) (%)
231.75 233.03 397.44 398.69
F-200 0.96 0.83 2.44 2.44
5.3% 94.7 % 9.8 % 90.2 %
231.72 233.05 397.64 398.89
F-300 0.81 0.83 2.47 2.47
3.9% 96.1 % 8.1% 91.9%
231.79 233.13 397.71 398.96
F-400 1.04 0.87 2.51 2.51
9.4 % 90.6 % 11.7 % 88.3 %
229.76 231.84 233.12 395.58 397.58 398.83
F-450 0.59 1.29 0.94 2.62 2.62 2.62
3.6 % 15.1% 81.3% 6.2 % 9.2% 84.6 %
394.21 396.06 397.91 399.31
F-500 2.46 2.46 2.46 2.46
64.9 % 6.8 % 19.8 % 8.5 %
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Table 3. Film samples with reduction temperature and root mean square roughness values,

measured by AFM over a 10 um x 10 um area

Sample Reduction  Thickness RMS Optical
name temperature (nm 5 roughness, band gap,
(°C) nm) Rq, (nm)  Eg, (eV %

0.1eV)

F-0 - 60 1.53 2.7

F-200 200 58 1.58 25

F-300 300 56 1.61 2.3

F-350 350 55 1.84 2.5

F-400 400 61 191 2.0

F-450 450 - 19.2 1.5

F-500 500 - - 1.0




